The thermoelectric properties of intermetallic compounds with Ce or Yb ions are explained by the singleimpurity Anderson model which takes into account the crystal-field splitting of the 4f ground-state multiplet, and assumes a strong Coulomb repulsion which restricts the number of f electrons or f holes to n f ഛ 1 for Ce and n f hole ഛ 1 for Yb ions. Using the noncrossing approximation and imposing the charge neutrality constraint on the local scattering problem at each temperature and pressure, the excitation spectrum and the transport coefficients of the model are obtained. The thermopower calculated in such a way exhibits all the characteristic features observed in Ce and Yb intermetallics. Calculating the effect of pressure on various characteristic energy scales of the model, we obtain the ͑T , p͒ phase diagram which agrees with the experimental data on CeRu 2 Si 2 , CeCu 2 Si 2 , CePd 2 Si 2 , and similar compounds. The evolution of the thermopower and the electrical resistance as a function of temperature, pressure or doping is explained in terms of the crossovers between various fixed points of the model and the redistribution of the single-particle spectral weight within the Fermi window.
I. INTRODUCTION
The thermoelectric power S͑T͒ of intermetallic compounds with cerium and ytterbium ions exhibits some characteristic features which allow the classification of these compounds into several distinct groups. [1] [2] [3] In the case of cerium ions, the thermopower of the compounds belonging to the first group ͓type ͑a͒ systems͔ has a deep negative minimum at low temperatures 1,2,4-6 and a high-temperature maximum, typically between 100 and 300 K. At the maximum, S͑T͒ could be either positive or negative, as shown in Fig. 1 . At very low temperatures, the type ͑a͒ systems order magnetically or become superconducting. The compounds of the second group ͓type ͑b͒ systems͔ have a negative lowtemperature minimum and a positive high-temperature maximum but, in addition, the thermopower shows a smaller positive peak at lowest temperatures. 1, [7] [8] [9] [10] This second peak is sometimes concealed by a low-temperature phase transition; for example, in CeCu 2 Si 2 it becomes visible only in an external magnetic field which suppresses the superconducting transition, 4 and in CeRu 2 Ge 2 it shows up when the external pressure suppresses the magnetic transition. 11 The experimental evidence is now accumulating that the initial slope of the thermopower S͑T͒ / T is positive for this class of ͑heavy fermion͒ materials, provided the measurements are performed at low enough temperature and with sufficient accuracy. [6] [7] [8] 12 In the third group ͓type ͑c͒ systems͔, the lowtemperature peak is well pronounced and shifted towards the high-temperature peak. The main difference with respect to the type ͑b͒ systems is that the sign-change of S͑T͒ does not occur. [13] [14] [15] [16] Finally, in some cases ͓type ͑d͒ systems͔ the thermopower grows monotonically towards the high-temperature maximum, and the low-temperature structure appears only as a shoulder on a broad peak, or is not resolved at all. 8, [16] [17] [18] The clue to these various types of behavior comes from the high-pressure 2, 11, [19] [20] [21] and doping studies, 1, 14, 16, [24] [25] [26] [27] [28] which show that the thermopower of cerium compounds changes continuously from type ͑a͒ to type ͑d͒. A typical example is provided by the S͑T͒ of CeRu 2 Ge 2 , which is plotted in Fig. 1 as a function of temperature, for various pressures. 11 At ambient pressure, CeRu 2 Ge 2 is a type ͑a͒ system with a magnetic ground state and negative thermopower below 300 K. An increase of pressure leads to a thermopower with a small positive peak at low temperatures and an enhanced peak at high temperatures. A further increase of pressure enhances both peaks, shifts the low-temperature peak towards the high-temperature one, and makes the thermopower at intermediate temperatures less negative. For large enough pressure, the sign-change does not occur at all FIG. 1. Temperature dependence of the thermoelectric power S͑T͒ of CeRu 2 Ge 2 for various pressures. T K and T S label the center of broad, pressure-induced maxima, related to the Kondo effect and the crystalline electric field, respectively. The inset shows S͑T͒ data of CeRu 2 Ge 2 in the nonmagnetic phase.
and for very high pressure the low-temperature peak merges with the high-temperature one, and transforms into a shoulder ͑see inset to Fig. 1͒ . The high-temperature peak grows continuously but its position remains more or less constant, as S͑T͒ changes from type ͑a͒ to ͑c͒. Eventually, for pressures above 10 GPa, the S͑T͒ assumes the ͑d͒ shape. Here, the initial slope of S͑T͒ decreases and the position of the maximum shifts to higher temperatures, but its magnitude does not change as pressure increases. Similar behavior is also seen in the high-pressure data of CeCu 2 Si 2 , 21 CeCu 2 Ge 2 , 20, 22 or CePd 2 Si 2 . 23 As regards doping, the substitutions which reduce the volume and make Ce ions less magnetic, transform S͑T͒ from type ͑a͒ to type ͑b͒, 24 from ͑b͒ to ͑c͒, 14, 16 or from ͑a͒ to ͑c͒, [25] [26] [27] while the substitutions which expand the volume and make the Ce more magnetic, transform the thermopower from, say, type ͑d͒ to type ͑c͒ or from type ͑c͒ to type ͑b͒. 28 This variation of shape is an indication that the local environment plays an important role in determining the magnetic character of Ce and Yb ions. Even at high temperatures, where each 4f ion is an independent scatterer, the thermopower of a sample with a high concentration of 4f ions cannot be obtained by rescaling the lowconcentration data.
The ytterbium intermetallics can be classified using the mirror-image analogy with cerium systems. This holds because the Yb ions fluctuate between 4f 13 and 4f 14 , while the Ce ions fluctuate between 4f 1 and 4f 0 configurations, and the dynamics of a single f hole and a single f electron is the same. A well-defined local moment leads in Yb systems to the type ͑a͒ behavior, such that the thermopower has a negative minimum at high temperatures and a positive maximum at low temperatures; 29, 30 the size of the minimum is about the same as the size of the maximum. The thermopower of ͑b͒-type Yb systems [31] [32] [33] mirrors the ͑b͒-type Ce systems. Here, one finds two negative minima separated by a small positive maximum. The type ͑c͒ Yb systems have a nonmonotonic thermopower with a large ͑negative͒ minimum at high temperatures and a smaller one at low temperatures, but there is no sign change. [30] [31] [32] [33] Finally, the thermopower with a single negative peak centered around 100 K ͑Refs. 18, 30, 31, and 34͒ mirrors the type ͑d͒ behavior of Ce systems. The reduction of volume by pressure or doping 30, 33 stabilizes the magnetic 4f 13 configuration of Yb ions, and transforms S͑T͒ from, say, type ͑b͒ to type ͑a͒, from ͑c͒ to ͑b͒, or from ͑c͒ to ͑a͒.
The experimental results show that 4f systems with similar thermopowers exhibit similarities in other thermodynamic 35 and transport [36] [37] [38] properties, and there is an obvious correlation between the shape of S͑T͒ and the magnetic character of the 4f ions. The thermopower measurements 39 provide a simple and sensitive tool for characterizing the magnetic state of a 4f ion in a given metallic matrix: the shape of S͑T͒ changes from the ͑a͒ type in the case of magnetic Ce ͑Yb͒ ions with stable f 1 ͑4f 13 ͒ configuration to the ͑d͒ type for non-magnetic Ce ͑Yb͒ ions which fluctuate between the 4f 1 ͑4f
13
͒ and 4f 0 ͑4f 14 ͒ configurations. We explain the thermoelectric properties of Ce and Yb ions in terms of a single-impurity Anderson model which takes into account the splitting of the 4f states by the crystalline electric field ͑CF͒, and assumes an infinitely large f -f Coulomb repulsion, which restricts the number of f electrons or f holes to n f ഛ 1 for Ce and n f hole ഛ 1 for Yb. We assume that pressure changes the coupling and the relative occupation of the f and conduction states, and impose the charge-neutrality constraint on the local scattering problem at each temperature and pressure. The total charge conservation provides a minimal self-consistency condition for a poor-man's treatment of pressure effects in stoichiometric compounds. The excitation spectrum of such a model in the vicinity of various fixed points, the crossovers induced by temperature and pressure, and the corresponding effects on S͑T͒, the number of f particles, n f ͑T͒, and the electrical resistance, ͑T͒, are calculated by the noncrossing approximation ͑NCA͒. The description of the stoichiometric compounds in terms of an impurity model is certainly inadequate at low temperatures where the f electrons become coherent. The errors due to such an approximation and the lowtemperature errors inherent in the NCA calculations are discussed in detail at the end of Sec. II.
Our paper extends the long-standing theory of Coqblin, 40, 41 which described the high-temperature properties of Ce and Yb intermetallics by the Coqblin-Schrieffer ͑CS͒ model with CF splitting, and its more recent version 3 which improved the low-temperature calculations by rescaling the coupling constants. These previous theories explained the main features of the temperature dependence of the thermopower 3,41 and the magnetic susceptibility 35 but could not describe the pressure effects, because the CS model neglects charge fluctuations. Furthermore, the approximations used to solve the effective high-and low-temperature models cease to be valid at temperatures at which S͑T͒ changes sign, 3 such that the shape of S͑T͒ between the two maxima ͑minima͒ in Ce ͑Yb͒ systems could only be inferred from an interpolation.
Here, we consider both the local spin and charge fluctuations, and provide the full description of the impurity problem at various pressures and temperatures, from above the CF temperature to below the Kondo temperature, including the intermediate regime where S͑T͒ changes sign. Our results explain the shapes ͑a͒ to ͑d͒ of the thermopower, which are found in systems such as, CeAl 3 , 9 CeRu 2 Ge 2 , 11, 39 CeCu 2 Si 2 , 21 CeCu 2 Ge 2 , 20, 22 or CePd 2 Si 2 , 23 and the "mirrorimage" shapes found in systems such as YbNiSn, YnInAu 2 , YbSi, or YbCu 2 Si 2 . 30 We also explain the pressure data on, e.g., CeRu 2 Ge 2 ͑Ref. 11͒ or CeCu 2 Si 2 , 21 and the chemical pressure data on Ce x La 1−x PdSn ͑Ref. 27͒ and Ce x La 1−x Ru 2 Si 2 ͑Ref. 15͒ or YbCu 2 Si 2 . 33 The paper is organized as follows. In Sec. II we introduce the model, discuss its limitations, and describe the method of solution. In Sec. III we provide the results for the transport coefficients of Ce-and Yb-based intermetallics. In Sec. IV we discuss the effects of temperature and pressure on the spectral function, analyze the fixed-point behavior, and relate the shapes of the thermopower to the properties of elementary excitations. Section V gives the summary and the conclusions.
II. THEORETICAL DESCRIPTION
We model the intermetallic compounds by taking as many Ce or Yb ions per unit cell as required by the structure, but assuming that the scattering of conduction electrons on a given 4f ion does not depend on other 4f ions, except through the modification of the chemical potential. In other words, we consider an effective impurity model which treats the 4f states as scattering resonances rather than Bloch states but take into account the charge transfer due to the local scattering and adjust the chemical potential so as to maintain the overall charge neutrality of the compound. Such a description of the lattice problem applies at temperatures at which the mean free path of the conduction electrons is short and the scattering is incoherent. We consider mainly the Ce intermetallics and present only a few preliminary results for Yb intermetallics. The cerium ions are allowed to fluctuate between the 4f 0 and 4f 1 configurations by exchanging electrons with the conduction band; the ͑average͒ energy difference between the two configurations is ͉E f ͉ and the hopping is characterized by the matrix element V. The 4f 2 configuration is excluded, i.e., an infinitely strong Coulomb repulsion U between f electrons is assumed. The 4f 1 configuration is represented by N crystal field levels: there are N − 1 excited states separated from the CF ground level by energies ⌬ i Ӷ ͉E f ͉, where i =1, ... ,N − 1. The local symmetry is taken into account by specifying the respective degeneracies of these levels N i . Thus, the low-energy excitations of Ce intermetallics are modeled by an effective single-impurity Anderson Hamiltonian 42
where H band describes the conduction band, H imp describes the CF states, and H mix describes the transfer of electrons between 4f and conduction states. In the absence of mixing, the conduction band is described by a semielliptical density of states N͑⑀͒ centered at E c 0 and of half-width W, and the unrenormalized f states are represented by a set of delta functions at E f 0 and E f i = E f 0 + ⌬ i . The conduction states and the f states have a common chemical potential, which is taken as the origin of the energy axis. The properties of the model depend in an essential way on the CF splittings and on the coupling constant g = ⌫ / ͉E f ͉, where ⌫ = V 2 N͑E c 0 ͒ measures the coupling strength between the f electrons and the conduction band,
Since a single f hole is dynamically equivalent to a single f electron, we obtain the results for Yb ions by performing the model calculations for a eightfold degenerate f hole subject to the appropriate CF.
The g Ӷ 1 limit of the Anderson model is controlled by several fixed points which are well understood. 42 In the case of a Ce ion with two CF levels split by ⌬, the fixed point analysis can be summarized as follows. At small coupling, such that ⌫Ͻ⌬Ӷ͉E f ͉, we find n f ͑T͒Ӎ1 and the model exhibits the Kondo effect. That is, all the physical properties depend only on the Kondo temperature, T 0 , which is uniquely determined by g, ⌬, and the degeneracies of the CF states ͑for the NCA definition of T 0 see Ref. 42 and Sec. IV below͒. The low-temperature behavior is characterized by the Fermi liquid ͑FL͒ fixed point, which describes a singlet formed by an antiferromagnetically coupled f electron and conduction electrons. An increase of temperature breaks the singlet and gives rise, at about T 0 , to a transition to the local moment ͑LM͒ fixed point, which describes a CF-split f state weakly coupled to the conduction band. The effective degeneracy of this f state is defined by the lowest CF level. For T Ͼ⌬, there is a further crossover to another LM fixed point, which describes the scattering of conduction electrons on a fully degenerate local moment. At higher coupling, such that ⌫ Ӎ 2⌬Ӷ͉E f ͉, the f charge is reduced to 0.8Ͻ n f ͑T͒ Ͻ 0.95, and the impurity still behaves as a Kondo ion, but the Kondo scale is much higher than in the case ⌫Ͻ⌬Ӷ͉E f ͉. The two LM regimes are now close together and the crossover from the FL to the LM regime occurs at temperatures which are comparable to ⌬. At very high coupling, such that 2⌬ഛ⌫ Ӷ ͉E f ͉ and n f ͑T͒ ഛ 0.8, the f ions appear to be nonmagnetic at all accessible temperatures due to the mixing of the 4f 0 and 4f 1 configurations. In this valence fluctuating ͑VF͒ regime, the behavior is nonuniversal and changes slightly, when the calculations are performed for different sets of parameters. Away from n f Ӎ 1, more than one energy scale is needed to fully characterize the model. Other CF schemes pertinent to Ce and Yb ions in a different environment are characterized by similar fixed points.
Our calculations show that the functional form of the response functions changes at the crossover and that the g Ӷ 1 limit of the Anderson model captures all the main features of the experimental results on Ce and Yb intermetallics. To explain the pressure effects, which changes the thermopower of Ce and Yb systems in opposite ways, we assume that the exchange coupling g increases in Ce and diminishes in Yb compounds, as pressure increases. This difference arises because Ce fluctuates between 4f 0 and 4f 1 , while Yb fluctuates between 4f 14 and 4f 13 configurations, so that the pressure-induced reduction of the number of electrons in the f shell makes Ce ions less magnetic and Yb ions more magnetic.
In Ce intermetallics, there is a substantial overlap between the f wave functions of Ce and those of the neighboring atoms, and we associate the pressure-induced increase of g Ӎ ⌫ / ͉E f ͉ with an enhancement of the hybridization ⌫. This enhances the Kondo temperature, and pushes the system from the Kondo to the VF limit. In stoichiometric compounds, the pressure-induced reduction of n f is accompanied by the increase of n c , because the total charge of a given compound n tot = n c + n f is constant. The conservation of particles is enforced by adjusting , and since all the energies are measured with respect to , this amounts to shifting E f and E c by some amount ␦͓T , ⌫͑p͔͒. Thus, we describe the pressure effects for a given Ce compound by changing ⌫ and keeping E c − E f constant. The changes in the bandwidth and the CF splitting are neglected.
In Yb intermetallics, the f states are more localized than in Ce systems, and we assume that the decrease in the radius of the 4f shell as it loses charge at elevated pressure is sufficient to compensate for the increase in hybridization brought about by the reduction in unit cell volume. The reduction of g Ӎ ⌫ / ͉E f ͉ in Yb compounds is achieved through an enhancement of the hole binding energy E f as the neighboring ions get closer to the rare earth, while ⌫ remains essentially constant. This reduces the Kondo temperature, and drives the system towards the Kondo limit. Since ⌫ is treated as a material-specific constant, we model the pressure effects in Yb systems by shifting E f and solving for E c , so as to preserve n tot hole . This procedure shifts E f and E c by different amounts and makes the separation E c -E f pressure dependent. However, when temperature is changed at constant pressure, the charge neutrality is enforced in the same way as for Ce compounds, by shifting the chemical potential without changing the separation E c -E f . The changes in the bandwidth and the CF splitting are neglected. Describing the pressure effects in such a way, we can calculate the response functions of the model for any value of the external parameters, and study the transitions between various fixed points.
The electrical resistivity and the thermopower of the single-impurity Anderson model are obtained from the usual expressions
where L 11 and L 12 are given by the static limits of the current-current and current-heat current correlation functions, respectively. In the absence of nonresonant scattering the vertex corrections vanish and the transport integrals can be written as 42, 44, 46 
where 0 is material-specific constant, f͑͒ =1/͓1 + exp͑ / k B T͔͒ is the Fermi function, 1 / ͑͒ is the conduction-electron scattering rate,
+ ͒ is the f-electron spectral function, G f ͑z͒ is the Green's function, and c is the concentration of f ions. Equtions ͑4͒ and ͑5͒ show clearly that the sign and the magnitude of S͑T͒ are determined by the spectral weight within the Fermi window ͑F window͒, i.e., by the shape of A͑͒ for ͉͉ ഛ 2k B T. The sign of S͑T͒ is positive if the F window shows more states above than below the chemical potential, and is negative in the opposite case. The difficult part is to find G f ͑ ± i0 + ͒ and, here, we solve this problem by the NCA, following closely Refs. 42 and 45, where all the technical details can be found. The main difference with respect to these NCA calculations is that we take c = 1 and enforce the overall charge neutrality.
A detailed comparison with the experimental data shows that the transport coefficients obtained from the singleimpurity Anderson model have all the hallmarks of the experiments, but discrepancies appear at low temperatures. This indicates the limitations of our approach which should be considered before presenting the NCA results.
There are two main causes for the breakdown of the single-impurity model and the NCA calculations. First, at temperatures much below T 0 the NCA spectral function develops an unphysical spike, such that the resistivity and the thermopower become artificially enhanced. This error becomes particularly severe at high pressure, because the characteristic scale T 0 increases very rapidly with ⌫ and the nonanalytic NCA spike appears at rather high temperatures. The unphysical enhancement of the low-frequency part of A͑͒ reduces the integral for L 11 , which is strongly underestimated at low temperature. The integral L 12 is less affected by this pathology, because it has an additional factor which removes the states within the Fermi window. Thus, the overall shape of S͑T͒ӍL 12 NCA / L 11 NCA seems to be qualitatively correct, even though the low-temperature part of the curve has an unphysical enhancement. These difficulties are well known 42 and relatively easy to resolve in the Kondo limit, where the model has a unique low energy scale T 0 . We can find T 0 in the LM regime, where the NCA is reliable, and infer the low-temperature behavior from the universal power laws which hold in the FL regime. Combining the NCA results and FL theory, we can discuss the experimental data at all temperatures at which the single-ion approximation holds.
A more serious problem is that, in stoichiometric compounds, the f electrons become coherent at low enough temperatures. This leads to a magnetic transition in CeRu 2 Ge 2 , the formation of a heavy FL in CeRu 2 Si 2 , superconductivity in CeCu 2 Si 2 , or some more complicated ground states. At high pressure, the coherence sets in at very high temperatures, as revealed by low values of the electrical resistance. The onset of coherence ͑such as the NCA pathology͒ has its main impact on the low-energy states, giving L 11 lattice ӷ L 11 impurity , so that the impurity result badly overestimates the low-temperature electrical resistance. However, the considerations for the periodic Anderson model, 46 or other models with on-site correlation, 47 show that the integral for L 12 also contains an additional factor which reduces the contribution of the low-energy coherent states to L 12 , as in the single impurity case. Thus, our results for S͑T͒ provide a qualitative description of the experimental data at temperatures well below the onset of coherence, but the calculated values of S͑T͒ around T 0 are overestimated.
We mention also that the analysis of the doping effects in terms of "chemical pressure" is not complete, because doping might give rise to a charge transfer or change the character of the ground state, and that the mirror-image analogy between Ce and Yb systems holds for the resonant scattering but may be lost in the presence of any additional scattering channel. Despite these drawbacks, the NCA solution of the Anderson model provides a surprisingly accurate description for a large body of experimental data above the magnetic or superconducting transition temperature, and at low to moderate pressure.
III. THERMOELECTRIC POWER RESULTS
In this section we present the NCA results for the transport coefficients, describe the thermopower and the electrical resistance due to Ce ions in some detail, show the results for the f occupation, present a few preliminary results for the thermopower of Yb, and compare our results with the experimental data.
Our strategy for Ce intermetallics is to illustrate the behavior of one particular compound as a function of temperature at various pressures. The compound is characterized at ambient pressure and high temperature by an initial param- ␦͑T ⌬ , ⌫͒ such that the total charge is the same as the one obtained for ⌫ =0. ͑In the absence of coupling we have n f = 1 and obtain n c by integrating the unperturbed density of states.͒ At high temperatures, the f state is almost decoupled from the conduction band, the renormalization of the parameters is small, and the numerics converge very fast. We then reduce the temperature, find the new shift ␦͑T , ⌫͒ ensuring the charge conservation, and calculate the response functions for the resulting values of E c and E f . This process is continued until the NCA equations break down at T Ӷ T 0 . To model the same system at different pressure, we change ⌫, find again ␦͑T ⌬ , ⌫͒, and repeat the same procedure as at ambient pressure for T Ͻ T ⌬ . Note, n tot and E c − E f are conserved at all temperatures and pressures. As a numerical example we consider a semielliptical conduction band of half-width W = 4 eV, centered at E c 0 = 0.7 eV, and a f state split into a doublet and a quartet 48 by the CF with ⌬ = 0.07 eV. We take n tot = n c + n f = 5.6301 electrons per ion ͑0.9383 electrons for each one of N "effective spin" channels͒. The transport coefficients are calculated for the hybridization strength changing from 0.06 to 0.20 eV, i.e., for ⌫ varying from ⌫Ͻ⌬ to ⌫Ͼ2⌬. The single-particle excitation spectra corresponding to these parameters are discussed in Sec. IV.
Using the procedure outlined above we obtain for S͑T͒ the results shown in Figs. 2 and 3 . The calculated curves exhibit all the shapes ͑a͒ to ͑d͒ found in the experiments and give S͑T͒ of the right magnitude, except at low temperatures where the calculated peak is too large with respect to the experimental data. As discussed already, the reason for this discrepancy is that the NCA overestimates the Fermi-level scattering rate for T Ӷ T 0 , and that we neglected the coherent scattering, which sets in at temperatures of the order of T 0 . Thus, our low-temperature result for L 11 is artificially reduced, which makes S͑T͒ too large. The sign and the topology of the S͑T͒ curves do not seem to be affected by this error.
For ⌫ഛ⌬, we have T 0 Ͻ 5 K and n f ജ 0.95, and obtain S͑T͒ with two well separated peaks, as shown by the ⌫ =60 and ⌫ = 70 meV curves in Fig. 2 . The high-temperature peak is centered at T S Ӎ T ⌬ / 2 and for our choice of parameters S max = S͑T S ͒ Ͻ 0. The low-temperature maximum is at about T 0 Ӷ T S and S 0 = S͑T 0 ͒ Ͼ 0. The thermopower between the two maxima is mainly negative. Since most of the type ͑a͒ and ͑b͒ systems order magnetically or become superconducting above T 0 , the low-temperature peak is not shown in Fig.  2 for ⌫ഛ100 meV. A small increase of ⌫ ͑due to, say, an increase of pressure͒ reduces n f ͑see Fig. 4͒ , enhances T 0 and S max , and expands the temperature range in which S͑T͒ is positive. Such a behavior, which is typical of Kondo systems with small T 0 , is in a qualitative agreement with the thermopower of the type ͑a͒ systems described in Sec. I, and with the data on CeRu 2 Ge 2 ͑Ref. 11͒ at low pressures ͑below 4 GPa͒ and above the ordering temperature, as shown in Fig. 1 .
For ⌬Ͻ⌫Ͻ2⌬, we have T 0 Ͻ 150 K and n f ജ 0.8, and still obtain S͑T͒ with the two maxima. But S max is now positive, the value of S 0 is enhanced, the temperature interval in which S͑T͒ Ͻ 0 is reduced, and S͑T͒ at the minimum is less negative than for smaller ⌫. As we increase ⌫ ͑by increasing pressure͒, the sign-change of S͑T͒ is removed, S 0 and S max are further enhanced, but T S is not changed. The two peaks are coming closer together and are merging eventually. These features are typical of Kondo systems with moderate T 0 , say T 0 ജ 10 K, and are in a qualitative agreement with the data on the type ͑b͒ and ͑c͒ systems mentioned in Sec. I. They are also shown by the CeRu 2 Ge 2 data 11 at intermediate pressures ͑see the curves in Fig. 1 for pressure above 3.4 GPa.͒ At ⌫ Ϸ 2⌬, the system enters the VF regime, S͑T͒ acquires a single maximum at T S , with a shoulder on the lowtemperature side. Even this shoulder vanishes, when ⌫ is increased further, as shown in Fig. 3 . For ⌫Ͼ2⌬ the thermopower is of the type ͑d͒, with a single peak which is much steeper on the high-than on the low-temperature side. This peak shifts to higher temperatures with increasing ⌫ ͑pres-sure͒ and S max saturates ͑see inset to Fig. 3͒ ; the initial slope of S͑T͒ decreases continuously with ⌫. Such a behavior is in a qualitative agreement with the thermopower data on valence fluctuators [16] [17] [18] and with the high-pressure data on CeRu 2 Ge 2 ͑Ref. 11͒ ͑see inset to Fig. 1͒ and CeCu 2 Si 2 . 5 However, a large discrepancy appears between theory and experiment at low temperatures, because A͑͒ is overestimated for Ӎ 0, which makes the NCA curves larger than the experimental ones. A possible correction of the initial S͑T͒ / T values is discussed below.
The f-electron number n f , calculated for the parameters used in Figs. 2 and 3 , is plotted in Fig. 4 as a function of temperature. The overall temperature dependence is rather slow, but two different types of behavior can still be seen. For ⌫Ͻ2⌬Ӷ−E f , we find that n f is nearly independent of temperature and close to 1, which is typical of Kondo systems. 49 For ⌫Ͼ2⌬, we find that n f is less than 0.8 and nearly constant at low temperatures but at about T Ӎ ⌬ /3k B ͑271 K for ⌬ = 0.07 eV͒ there is an increase followed by the saturation at high temperatures. Considered as a function of ⌫ ͑pressure͒, n f ͑⌫͒ shows different behavior at high and low temperatures. At high temperatures n f decreases uniformly as ⌫ increases. At low temperatures n f does not change much for ⌫Ӷ⌬ and ⌫ӷ⌬, but drops rapidly around ⌫ Ӎ 2⌬, indicating the crossover from the Kondo to the VF regime.
The electrical resistivity mag ͑T͒ obtained for small and intermediate values of ⌫, is shown in Fig. 5 . The interesting feature is the high-temperature maximum, which appears for ⌫Ͻ⌬, and correlates very well with the maximum in S͑T͒.
For temperatures below the maximum, mag ͑T͒ drops to a minimum and then rises logarithmically as T 0 is approached. This minimum and the subsequent low-temperature upturn are of a purely electronic origin and appear in systems with small T 0 and large CF splitting. In these systems, one can follow the evolution of the two peaks in mag ͑T͒, and observe the disappearance of the minimum with the application of pressure. For example, in CeRu 2 Ge 2 , 11 CePd 2 Ge 2 , 36 CePd 2 Si 2 , 37 or CeCu 5 Au ͑Ref. 38͒ the minimum becomes more shallow, transforms into a shoulder, and vanishes at high enough pressure. As discussed already, the NCA overestimates the low-temperature scattering and distorts the relative magnitude of the high-and low-temperature peaks. In addition, the single-ion approximation always gives mag ͑T͒ which saturates at low temperature and cannot explain the low-temperature reduction of mag ͑T͒, which is seen in stoichiometric compounds below the onset of coherence. The electrical resistance of Ce-based Kondo systems at very high pressure, and the ambient pressure data of valence fluctuators, cannot be described by the NCA solution. In these systems, the scattering on f ions remains coherent up to rather high temperatures and the NCA solution is valid only above the high-temperature maximum and is not physically relevant.
To illustrate the situation in Yb intermetallics, we perform a generic calculation for a semielliptical ͑hole͒ conduction band and four CF doublets. The NCA equations are solved for a single f hole ͑N =8͒. Following the procedure outlined in Sec. II, we start the calculations at ambient pressure and temperature T ⌬ , such that the f state is almost free, and calculate n tot hole = n c hole + n f hole for the initial parameter set
At lower temperatures we shift E c and E f with respect to E c 0 and E f 0 by ␦, so as to conserve n tot hole , and calculate the response functions for this new parameter set; this procedure does not change E c − E f . At a higher pressure, we start again at T = T ⌬ , change E f so as to increase n f hole and find E c which conserves n tot hole . Since ⌫ is not changed by this procedure, we now have
For temperatures below T ⌬ , the properties of the system are calculated by the same procedure as at ambient pressure, i.e., n tot hole is conserved by shifting E c and E f by the same amount ␦.
Taking W = 4 eV, E c 0 = 1.0 eV, ⌫ = 0.08 eV, E f 0 = −0.8 eV, and three excited CF doublets at ⌬ 1 = 0.02 eV, ⌬ 2 = 0.04 eV, ⌬ 3 = 0.08 eV, respectively, we find n tot = 6.444 at T = T ⌬ . The S͑T͒ obtained for E f ranging from E f = −0.6 eV to E f = −1.0 eV, is shown in Fig. 6 . We recall, that an increase of pressure makes E f more negative. For E f = −0.6 eV, the thermopower shows a deep minimum, typical of Yb ions in the VF state. For E f = −0.8 eV, S͑T͒ develops a small maximum, which separates the high-temperature minimum at T S and the low-temperature minimum at T 0 . By making E f more negative we shift T 0 to lower values, as shown in Fig. 6 by the curves obtained for E f = −0.8 eV, E f = −0.85 eV, and E f = −0.9 eV, respectively. The low-temperature range in which S͑T͒ is negative shrinks with pressure, in agreement with the experimental data. 30 However, for E f much below , the NCA calculations break down before this minimum is reached. As regards the value of S͑T͒ at the maximum, it is negative at first but it becomes positive as pressure increases, i.e., the thermopower changes from ͑c͒ type to ͑b͒ type. At very high pressures, such that the n tot hole Ӎ 1, the thermopower is dominated at low temperatures by a large positive peak and at high temperatures by a negative minimum, which is typical of Yb-based systems with a small Kondo scale. The shape of S͑T͒ is directly related to the magnetic character of Yb ions and our calculations explain the qualitative features of the thermopower of YbAu 2 , YbAu 3 , 29 and YbSi, YnNi 2 Si 2 , 30 
where 2 k B /3͉ e ͉ = 283.5V / K and Z is the enhancement factor defined by the Fermi-level derivative of the f-electron self-energy Z = ͓1−‫ץ‬⌺ / ‫͔ץ‬ =T=0 . ⌫ / Z is related to the Kondo scale by a factor of order 1. Setting T 0 = ⌫ / Z, and using for n f ͑T =0͒ the NCA results of Fig. 4 , we can estimate from Eq. ͑6͒ the initial slope of the curves plotted in Figs. 2 and 3 11 At higher temperatures, the nonlinear corrections reduce S͑T͒ and give rise to a maximum at T 0 . These nonlinear corrections are nonuniversal, and a large slope does not necessary translate into large S͑T͒ at T 0 . The corresponding calculations for the Yb curves plotted in Fig. 6 show that an application of pressure enhances S͑T͒ / T.
The initial slope of S͑T͒ can also be related to the ␥ coefficient of the specific heat, with the important result that the ratio S͑T͒ / ␥T = ͑2 / ͉e ͉ N 0 ͒cot͑n f / N 0 ͒ is independent of Z. This expression and Eq. ͑6͒ are valid in the singleimpurity regime, and it is not obvious that they would produce the correct results for stoichiometric compounds. However, the characteristic energy scales of a coherent FL ͑inferred from the experimental data on the initial slope of the thermopower or the specific heat coefficient͒ do not seem to be much different from the single-ion scale T 0 of the LM regime ͑inferred, say, from the peak in the thermopower or the Curie-Weiss temperature͒.
IV. DISCUSSION OF SPECTRAL PROPERTIES
In this section we present the NCA results for A͑͒, provide the NCA definition of the characteristic scale T 0 , study the low-energy spectral features in the vicinity of various fixed points, discuss the changes induced by the crossovers, and explain the behavior of S͑T͒ in terms of the redistribution of spectral weight within the Fermi window ͑F window͒. Only the Ce case is considered and it is assumed that pressure gives rise to an increase of the hybridization width ⌫.
The results obtained for ⌫Ͻ⌬ are shown in Fig. 7 , where A͑͒ is plotted as a function of frequency for several temperatures. At high temperatures T Ӎ T ⌬ , the spectral function has a broad charge-excitation peak somewhat above E f and a narrower resonance of half-width ⌬, centered below . This low-energy resonance is a many-body effect due to the hybridization of the conduction states with the 4f states and is typical of the exchange scattering on the full multiplet. In this temperature range, the F window shows more spectral weight below than above ͑see the middle panel in Fig. 7͒ and S͑T͒ Ͻ 0. The magnetic susceptibility 42 is Curie-Weisslike, with a very small Curie-Weiss temperature and a Curie constant which is close to the free Ce ion value. The maximum of S͑T͒ at about T S Ӎ T ⌬ / 2 is here negative, S max Ͻ 0, but a slight increase of ⌫ would make S max positive. All these features are typical of the LM fixed point corresponding to a fully degenerate f state. At lower temperatures, T Ͻ T S , the CF splits the many-body resonance into two peaks. The larger one grows below and the smaller one above ͑see the middle panel in Fig. 7͒ . This asymmetry is enhanced as ⌫ is reduced, which is typical of the Anderson model with CF splittings; 42 the increase of the low-energy spectral weight below gives rise to a large negative thermopower. A further reduction of temperature leads, for T Ӷ T ⌬ , to a rapid growth of an additional peak very close to , such that A͑͒ acquires three pronounced low-energy peaks ͑see Fig. 7͒ . ͑The physical origin of these many-body resonances is explained in detail in Ref. 42͒ The peak centered at 0 Ӷ⌬ is the Kondo resonance and its appearance below T ഛ 40 K marks the onset of the LM regime, which is due to scattering of conduction electrons on the lowest CF level. The two CF peaks centered at about 0 ± ⌬ are outside the F window, and do not affect the low-temperature transport and thermodynamics. Once the Kondo peak appears, the F window shows more spectral weight above than below and S͑T͒ is positive, which is just the opposite to what one finds for T ജ T ⌬ . The center of the Kondo resonance saturates at low temperatures at the energy 0 Ͼ 0, which provides the NCA definition of the Kondo scale k B T 0 = 0 . In the symmetric Anderson model T 0 is related to the width of the Kondo resonance but in the highly asymmetric case we are dealing with here, the current definition is more appropriate. The comparison with numerical renormalization group ͑NRG͒ calculations 50 shows that 0 gives a reliable estimate of the Kondo temperature even for a doubly degenerate Anderson model, and we assume that the NCA definition of T 0 provides the correct Kondo scale of the CF-split single-impurity Anderson model as well. Because the Kondo resonance is asymmetric with respect to the = 0 line and has more states above than below , the reduction of temperature enhances S͑T͒ until it reaches, at T 0 , the maximum value S 0 . A further temperature reduction leaves the top of the Kondo resonance outside the F window, and the thermopower drops. However, most Ce and Yb system with very small T 0 have a phase transition above T 0 , and to discuss the normal-state properties of ͑a͒-type systems it is sufficient to consider the NCA solution for T ജ T 0 .
An increase of the coupling to ⌫Ͼ⌬ has a drastic effect on A͑͒, as illustrated in Fig. 8 , where A͑͒ is plotted for ⌫ = 0.12 eV. The charge-excitation peak is transformed into a broad background ͑see the upper panel in Fig. 8͒ and the only prominent feature at T Ӎ T ⌬ is the low-energy resonance of half-width ⌬ centered above . This low-energy resonance is due to the exchange scattering of conduction electrons on the full CF multiplet, which gives rise to the maximum of S͑T͒ in the LM regime. The F window ͑see lower panel in Fig. 8͒ shows more spectral weight above than below , so that S͑T͒ Ͼ 0. The reduction of temperature below T S removes some spectral weight above and brings additional spectral weight below , which reduces S͑T͒ and leads to a minimum. 51 A further reduction of temperature leads to the rapid growth of the Kondo peak at 0 , and the CF peak at 0 + ⌬, but the negative CF peak does not develop. That is, an increase of pressure removes the lower CF peak, and shifts the Kondo and the upper CF peak to higher energies, without changing their separation ⌬. The F window shows more spectral weight above than below , so that S͑T͒ is positive and grows as temperature is lowered. The maximum S 0 is reached at T 0 when the Kondo resonance is fully developed. The characteristic energy scale is defined again by the position of the Kondo peak, k B T 0 = 0 , which can now be quite large. For T ഛ T 0 the F window becomes narrower than the Kondo resonance and S͑T͒ drops below S 0 . For T Ӷ T 0 , where the FL behavior is expected, 42 the NCA gives A͑͒ with an unphysical spike at , which makes mag ͑T͒ and S͑T͒ much larger than the exact result. However, once T 0 is obtained from the NCA calculations, the low-temperature transport can be inferred from the universal power laws which hold in the FL regime, as discussed in the previous section.
A further increase of ⌫ shifts the Kondo and the CF peaks to higher energies, and changes their relative spectral weight, as shown in Fig. 9 , where the low-frequency part of A͑͒ is shown for ⌫ =2⌬. The Kondo scale is still defined by the center of the Kondo peak, even though it is now reduced to a hump on the low-energy side of a large peak centered at 0 + ⌬. The unphysical NCA spike at = 0 can be seen at lowest temperatures. The thermopower is positive at all temperatures and has only a shoulder below T S . A quantitative comparison between T 0 , defined by the position of the Kondo resonance, and the position of the Kondo anomaly in S͑T͒ becomes difficult.
Finally, for ⌫Ͼ2⌬, we find A͑͒ with a single broad peak centered at Ẽ f Ͼ 0, as shown in Fig. 10 . The CF excitations are now absent, which is typical for the Anderson model in the vicinity of the VF fixed point. The relevant energy scale at low temperature is defined as k B T 0 = Ẽ f , and shows an almost linear dependence on ⌫. The thermopower is always positive and grows monotonically from small values at low temperatures towards a high-temperature maximum at T S . The unphysical spike at = 0 appears at higher temperatures and is more pronounced than for small ⌫, as illustrated in Fig. 10 . The initial slope of S͑T͒ obtained from the NCA result for transport coefficients is very much overestimated with respect to the FL result based on Eq. ͑6͒. An increase of temperature above T S modifies the excitation spectrum on an energy scale of the order of Ẽ f and reduces S͑T͒. The values of Ẽ f and T S do not seem to be related in any simple way, and the temperature-induced breakdown of the local FL is not indicated by any FL scale. An increase of ⌫ ͑pressure͒ changes A͑͒ and enhances T S but does not lead to further enhancement of S max . The pressure dependence of Ẽ f and T S looks different. In other words, the description of the VF regime requires more than one energy scale.
The characteristic scales of the Anderson model obtained for various values of ⌫ provide the ͑T , p͒ phase diagram of the system plotted in Fig. 11 . The T 0 line is defined by the position of the Kondo peak and the T S line by S max . At small ⌫ ͑low pressure͒ Fig. 11 indicates two crossovers. The one around T 0 is between the FL and the LM regime defined by the lowest CF level. The one around T S is the crossover to the high-temperature LM regime, as defined by a full CF multiplet. When these LM regimes are well separated, the crossover between them is accompanied by a minimum and, possibly, a sign change of S͑T͒. At intermediate pressures, the two LM regimes are too close for the sign change to occur, and the crossover is indicated only by a shallow minimum or just a shoulder of S͑T͒. Here, the relationship between the low-temperature maximum of S͑T͒ and the center of the Kondo peak can only be given as an order-ofmagnitude estimate. At very high pressures, the system is in the VF regime and the crossover from a universal lowtemperature FL phase to a nonuniversal high-temperature phase takes place at T Ӎ T S . This crossover is not defined by the FL scale Ẽ f , which is very large, but by a much smaller scale T S .
V. CONCLUSIONS AND SUMMARY
We have applied the single-impurity Anderson model to the investigation of the temperature and pressure dependence of the thermopower of Ce and Yb intermetallics, and found that the crossovers between various fixed points explain the seemingly complicated temperature dependence of S͑T͒. The basic assumption of our approach is that for a given concentration of rare-earth ions, and above some coherence temperature, the system is in an "effective impurity" regime. In that "impurity limit," we treat the rare-earth ions as independent scattering centers and solve the ensuing single-impurity model by the NCA. Our calculations impose the charge neutrality constraint on the local scattering problem, which provides a minimal self-consistency condition for describing the pressure effects. The excitation spectrum obtained in such a way is very sensitive to the changes in the coupling constant g = ⌫ / ͉ E f ͉, and an increase of the hybridization or a shift of the f state, which modifies the magnetic state of the f ion, has a huge effect on the spectral function. Since the excitation spectrum is related to the transport coefficients by Kubo formulas, the thermopower changes rapidly as a function of temperature, pressure, or doping. The shapes ͑a͒ to ͑d͒ assumed by S͑T͒ in various regions of the parameter space follow straightforwardly from the redistribution of the single-particle spectral weight within the Fermi window.
The NCA solution of the single-impurity Anderson model breaks down for T Ͻ T 0 . However, the excitations above the ground state are determined by the general FL laws, which can be used to find the initial slope of S͑T͒. Estimating the Kondo scale and the number of f electrons by the NCA calculations, we find that an increase of pressure reduces ͑enhances͒ the low-temperature value of S͑T͒ / T in Ce ͑Yb͒ compounds. Combining the FL and the NCA results, we can obtain S͑T͒ in the full temperature range at any pressure.
Our results explain the thermopower of most intermetallic Ce compounds mentioned in Sec. I. The multipeaked S͑T͒, which characterizes the type ͑a͒ and ͑b͒ systems, is obtained for Kondo ions with small T 0 and well-defined CF resonances. A type ͑c͒ thermopower, which has weakly resolved peaks or just a broad hump, is obtained for Kondo ions with large T 0 and partially overlapping CF resonances. A singlepeaked S͑T͒ of the ͑d͒ type is obtained for the VF ions which do not show any CF splitting of the single-particle excitations. If we assume that pressure increases ⌫, and reduces n f , our results account for the changes of T 0 , S 0 , S͑T͒ / T, and S max , observed in pressure experiments on Ce compounds. 2, 11, [19] [20] [21] [22] [23] The strong doping dependance 1 of S͑T͒ is explained as a chemical pressure effect, which changes the f occupation. In our local model the "effective concentration" of f electrons is determined self-consistently, and the thermopower of concentrated and dilute systems cannot be related by simple scaling. ͑Just as the high pressure data cannot be described in terms of rescaled ambient pressure data.͒ The relevant energy scales obtained for different values of ⌫ agree with the ͑T , p͒ phase diagram of CeRu 2 Ge 2 and CeCu 2 Ge 2 , inferred from the high-pressure transport and thermodynamic data. 11 For Yb compounds, we argue that pressure or chemical pressure mainly affect the position of the crystal field levels relative to the band center, while leaving the hybridization width unchanged. By shifting E f , so as to increase the number of holes, we obtain the thermopower of the type ͑a͒ to ͑d͒, in agreement with the experimental data. The qualitative features seen in Yb intermetallics at various pressures or chemical pressures are captured as well, [29] [30] [31] [32] [33] but different compounds require different initial parameters, and a detailed analysis is yet to be done.
In summary, the normal-state properties of stoichiometric compounds with Ce and Yb ions seem to be very well described by the local model which takes into account spin and charge fluctuations. The classification of the thermopower data follows straightforwardly from the fixed point analysis of the single-impurity Anderson model with the CF splitting. A rich variety of shapes assumed by S͑T͒ at various pressures or doping dramatically illustrates the effect of the local environment on the response of the single rare-earth ion. The nature of the ground state, and the fact that the ground state of many Ce and Yb systems can be changed with pressure or doping, do not seem to affect the thermopower in the normal state. We take this as an indication that the normal state properties of Ce and Yb compounds are dominated by the local dynamics.
The main problem with our poor man's treatment of ordered compounds is that it neglects the coherent scattering which sets in at low enough temperatures, and reduces the thermopower below the values predicted by the local Fermi liquid theory. We can argue that these effects do not change the qualitative features of the thermopower but the proper answer cannot be obtained without solving the lattice model. 48 The results for two near-by excited doublets are the same. 49 For ⌫Ӷ⌬, such that n f → 1, the NCA equations break down even before T = T 0 is reached. 50 T. A. Costi, J. Kroha, and P. Wölfle, Phys. Rev. B 53, 1850 ͑1996͒. 51 For not too large values of ⌫, the thermopower at the minimum is negative ͑see ⌫ = 90 meV curve in Fig. 2͒ but if ⌫ continues to increase the minimum of S͑T͒ becomes more shallow and does not extend to negative values ͑see curves in Fig. 2 obtained for ⌫ = 100-120 meV͒.
